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Massive neutrinos were the first proposed, and remain the most natural, particle candidate for the dark 
matter. In the absence of firm laboratory evidence for neutrino mass, considerations of the formation of large 
scale structure in the universe provide a sensitive, albeit indirect, probe of this possibility. Observations of galaxy 
clustering and large angle anisotropy in the cosmic microwave background have been interpreted as requiring 
that neutrinos provide ~ 20% of the critical density. However the need for such 'hot' dark matter is removed if 
the primordial spectrum of density fluctuations is tilted below scale-invariance, as is often the case in physically 
realistic inflationary models. This question will be resolved by forthcoming precision measurements of microwave 
background anisotropy on small angular scales. This data will also improve the nucleosynthesis bound on the 
number of neutrino species and test whether decays of relic neutrinos could have ionized the intergalactic medium. 



1. A BIT OF HISTORY 

Several years before neutrinos had even been 
experimentally detected, Alpher et al [EJ noted 
that they would have been in thermal equilib- 
rium in the early universe "... through interac- 
tions with mesons" at temperatures above 5 MeV. 
Below this temperature the neutrinos "... freeze- 
in and continue to expand and cool adiabatically 
as would a pure radiation gas" . These authors 
also observed that the subsequent annihilation 
of e pairs would heat the photons but not the 
decoupled neutrinos so by entropy conservation 
T v /T would decrease from its high temperature 
value of unity down to (4/ll) 1/3 at T < m e .[] 



Subsequently, Chiu and Morrison p] calculated 



J Thus the present density of massless relic neutrinos is 
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where g v = 2 (left-handed neutrinos and right-handed an- 
tineutrinos) and the factor 3/4 reflects Fermi versus Bose 
statistics. This would also be true for massive neutrinos 
if m v <C 7d ec so that the neutrinos are relativistic at 
decoupling. Thus for a present blackbody temperature 
T = 2.728 ± 0.002 K 0, the abundance per flavour is 
(3/ll)2C(3)T 3 /7r 2 ~ 112. 3cm~ 3 . While relativistic they 
retain a Fermi-Dirac distribution with phase-space density 
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the rate for e 



in a plasma to be 



« G|T 5 for the universal Fermi interaction 
and ZePdovich j| equated this to the Hubble ex- 
pansion rate in the radiation-dominated era, 



H 
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(where counts the relativistic degrees of free- 
dom), to obtain the decoupling temperature 
Tdcc(v e ) ~ 2 MeV. (Neutral currents were then 
unknown so Td cc (t / p) was estimated from the re- 
action fi eveV^ to be 12 MeV. Later De Graaf 
H noted that they would keep v^s coupled to the 
plasma down to the same temperature as ^ e 's.^) 
However Zel'dovich Q| and Chiu || concluded 
that relic neutrinos, although nearly as numer- 
ous as the blackbody photons, cannot make an 
interesting contribution to the cosmological en- 
ergy density since they are presumably massless. 

Interestingly enough, some years earlier Pon- 
tecorvo and Smorodinski || had discussed the 
bounds set on the cosmological energy density of 
MeV energy neutrinos (created e.g. by large-scale 



2 In fact T dec (i/ M , v T ) ~ 3.5 MeV while T dcc (u e ) ~ 2.3 MeV 
because of the additional charged current reaction |jj . Ac- 
tually decoupling is not an instantaneous process so the 
neutrinos are slightly heated by the subseouent e + e - an- 
nihilation, increasing the number density (hh by < 1% |7l . 
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matter-antimatter annihilation) using data from 
the Reines-Cowan and Davis experiments. (They 
even suggested searching for GeV energy neutri- 
nos by looking for upward going muons in un- 
derground experiments!) Not surprisingly these 
bounds were rather weak so these authors stated 
somewhat prophetically that "... it is not possi- 
ble to exclude a priori the possibility that the 
neutrino and antineutrino energy density in the 
Universe is comparable to or larger than the av- 
erage energy density contained in the proton rest 
mass". Zel'dovich and Smorodinski JlO| noted 
that better bounds can be set by the limits on the 
total cosmological energy density po (= Qp c ) fol- 
lowing from the observed present expansion rate 
Hq and age to of the universe^] Of course they 
were still discussing massless neutrinos. Wein- 
berg jllj even speculated whether a degenerate 
sea of relic neutrinos can saturate the cosmolog- 
ical energy density bound and noted that such 
a sea may be detectable by searching for (scat- 
tering) events beyond the end-point of the Kurie 
plot in /3-decay experiments! 

Several years later, Gershtem and Zel'dovich 
fl2|| made the connection that if relic neutrinos 
are massive, then a bound on the mass follows 
from requiring that m v n v < po. Using the gen- 
eral relativistic constraint f2tg Hq < (ir/2) 2 , they 
derived po < 2 x 10~ 28 gmcm~ 3 (just assuming 
to > 5 Gyr, i.e. that the universe is older than 
the Earth) and inferred that m Ue , m v < 400 eV 
for a present photon temperature of 3 K- Un- 
fortunately their calculation of the relic neutrino 
abundance was erroneous. They took g v = 4, i.e. 
assumed massive neutrinos to be Dirac particles 
with fully populated right-handed (RH) states 
(although they acknowledged that according to 
the V — A theory such states are non-interacting 
and would thus not be in equilibrium at Td cc )- 
Moreover they did not allow for the decrease in 
the neutrino temperature relative to photons due 
to e + e~ annihilation. Nevertheless their bound 
was competitive with the best laboratory bound 
on m Vc and 10 4 times better than that on rn v 
demonstrating the sensitivity (if not the preci- 

3 The critical density is p c = 3H%/8ttG n ~ 1.879 X 
10 _29 h 2 gm cm -3 where the Hubble parameter h = 
.ffo/lOOkm sec- 1 Mpc- 1 , so H' 1 = 9.778 h' 1 Gyr. 



sion!) of cosmological arguments. 

A better bound of m v < 130 eV was quoted 
by Marx and Szalay |jl3fl who numerically inte- 
grated the cosmological Friedmann equation from 
decoupling down to the present epoch, sub- 
ject to the condition to > 4.5 Gyr. Independently 
Cowsik and McClleland |Q used direct limits on 
n and h to obtain m v < 8 eV, assuming that 
m v = m Ve = m v ; however they too assumed in- 
correctly that T„ — T and that RH states were 
fully populated. As Shapiro et al [jl5| first empha- 
sized, even if massive neutrinos are Dirac rather 
than Majorana, the RH states have no gauge in- 
teractions so should have decoupled much earlier 
than the left-handed ones. Thus subsequent en- 
tropy generation by massive particle annihilations 
would have diluted their relic abundance to a neg- 
ligible level.0 Now we arrive [jlTj at the modern 
version of the 'Gershtem-Zel'dovich bound' p"c| : 
the conservative limits to > 10 Gyr and h > 0.4 
imply ilh 2 < 1 i.e. po < 10.54 keVcm~ 3 , so com- 
bining with eq.(||) gives :^ 

^£(^)(f)<- w 

i 

Note that to — 2/3Ho for a critical density uni- 
verse so to > 10 Gyr requires h <; 2/3. For ex- 
ample a 30 eV neutrino would provide f2„ ~ 0.95 
(allowing f2 N = 1 — il^ ~ 0.05 in nucleons) if ft, ~ 
0.55. According to a recent discussion [^(|, most 
determinations pl[ have converged on the value 
h = 0.6 ± 0.1 corresponding to to — 9.3 — 13 Gyr 
for fl — 1, which is consistent with the recently 
revised age of the oldest stars in globular 
clusters. Measurements of the global space-time 
geometry using Type I SN as 'standard candles' 

4 Although spin-flip scattering (at a rate oc (m v /T) 2 ) can 
generate RH states, this can be neglected for m v 
1 MeV. If RH neutrinos have new (superweak) interac- 
tions, as in the SU{2)- L ® SU{2) K ® U(1) B ~L ffLS dc l thcn 
corresponding bounds on their masses follow Jig . 
5 If the neutrinos are non-relativistic at decoupling, then 
they drop out of chemical equilibrium with an abun- 
dance inversely proportional to their self-annihilation 
cross-section so Ct v h 2 « {m v / 2 Ge\f)~ 2 for m v <C mz 
1l9j. Thus neutrinos with a mass of O(GeV) can also ac- 
count for the dark matter; however LEP has ruled out such 
(4th generation) neutrinos. Conversely Q, v h 2 > 1 for the 
mass range ~ 100 eV —2 GeV, which is thus forbidden for 
any stable neutrino having only electroweak interactions. 
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are also consistent with a critical density universe 
p3| , although local dynamical measurements in- 
dicate a smaller value of £1 ps 0.3 [Q. This has 
led some cosmologists to consider an open uni- 
verse while others introduce a cosmological con- 
stant (A = 1 — n ps 0.7) to maintain a flat geom- 
etry, notwithstanding the extreme fine-tuning of 
initial conditions implied in either case.) 

The above bound assumes conservatively that 
neutrinos constitute all of the (dark) matter per- 
mitted by the global dynamics of the universe. 
Further constraints must be satisfied if they are 
to cluster on a specified scale (e.g. galactic halos 
or galaxy clusters) and provide the dark matter 
whose presence is inferred from dynamical mea- 
surements. Cowsik and McClleland [^| first sug- 
gested that neutrinos with a mass of a few eV 
could naturally be the 'missing mass' in clus- 
ters of galaxies. This follows from the relation 
mf, ~ l/G^r^Md (reflecting the Pauli princi- 
ple) which they obtained by modeling a cluster 
of mass M c \ as a square potential well of core 
radius r c \ filled with a Fermi-Dirac gas of neutri- 
nos at zero temperature. Subsequently Tremaine 
and Gunn |2lf | noted that this provides a lower 
bound on the neutrino mass. Although the mi- 
croscopic phase-space density (||) is conserved for 
collisionless particles, the 'coarse-grained' phase- 
space density in bound objects can decrease be- 
low its maximum value of g„/2(27r) 3 during struc- 
ture formation. Modeling the bound system as an 
isothermal sphere with velocity dispersion a and 
core radius r 2 Y = 9a 2 /An G N p(r c i) then gives 



m v > 120 eV 



100 km sec~ 



> 1 fTol 



-1/2 



.(5) 



This is consistent with the cosmological upper 
bound (||) down to the scale of galaxies .| More- 
over since neutrinos would cluster more efficiently 
in larger potential wells, there should be a trend 
of increasing mass-to-light ratio with scale, as 
seemed observationally to be the case p9|J] 

6 However_there is a conflict for smaller objects, viz. dwarf 
galaxies 127 . In fact the central phase space density of ob- 
served dark matter cores in these structures drops rapidly 
with increasing core radius, rather than being constant as 
would be expected for neutrinos [M. 

7 This too proved to be a problem later when it was recog- 



2. THE RISE AND FALL OF HOT DARK 
MATTER 

Such cosmological arguments became of par- 
ticular interest in the eighties after the 1TEP tri- 
tium /3-decay experiment claimed a ~ 30 eV mass 
for the electron neutrino. The attention of cos- 
mologists now focussed on how the large-scale 
structure (LSS) of galaxies, clusters and super- 
clusters pf| would have formed if the universe 
is dominated by massive neutrinos. The basic 
picture is that structure grows through gravita- 
tional instability from primordial density pertur- 
bations pp; these perturbations have now been 
detected [|33| (see Figure 1) via the tempera- 
ture fluctuations they induce [[34| in the cosmic 
microwave background (CMB). On large scales 
( <; 30 Mpc) the universe approaches spatial ho- 
mogeneity and gravitational dynamics is linear, 
while on smaller scales structure formation is 
complicated by non-linear gravitational cluster- 
ing as well as non-gravitational (gas dynamic) 
processes. So although we lack a standard model 
of galaxy formation J35| , the physics of large-scale 
structure is sufficiently well understood as to pro- 
vide a reliable probe of the nature of the dark 
matter Q. 

Density perturbations in a medium composed 
of relativistic collisionless particles are subject to 
a form of Landau damping (viz. phase-mixing 
through free streaming of particles from high 
to low density regions) which effectively erases 
perturbations on scales smaller than the free- 
streaming length ps 41 Mpc(m„/30 eV)" 1 |||. 
This is essentially the (comoving) distance tra- 
versed by a neutrino from the big bang un- 
til it becomes non-relativistic, and corresponds 
to the scale of superclusters of galaxies. Thus 
huge neutrino condensations (generically in the 
shape of 'pancakes'), containing a mass ps 3 x 
10 15 (m„/30eV)~ 2 M©, would have begun grow- 
ing at a redshift z cq « 7 x 10 3 (toi / /30 eV) 
when the universe becomes matter-dominated 
and gravitational instability sets in. This is well 
before (re)combination (at z ICC ps 10 3 ) so the 
baryons were still closely coupled to the pho- 
tons, while the neutrinos were mildly relativis- 

nized that the actual increase is less than expected [po|. 
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Figure 1. COBE (3^] maps of the cosmic mi- 
crowave background, showing the monopole, the 
dipole due to our motion relative to the frame 
in which the CMB is isotropic, and higher mul- 
tipoles due to gravitational potential perturba- 
tions on the last scattering surface. The horizon- 
tal band is synchrotron emission from our Galaxy. 
(Courtesey of the COBE Science Working Group) 



tic (v/c « 0.1) hence 'hot'. After the universe 
became neutral, baryonic matter would have ac- 
creted into these potential wells, forming a thin 
layer of gas in the central plane of the pancakes. 
Thus superclusters would be the first objects to 
condense out of the Hubble flow in a 'hot dark 
matter' (HDM) cosmogony and smaller struc- 
tures such as galaxies would form later through 
their fragmentation. 

The gross features of such a 'top-down' model 
for structure formation are compatible with sev- 
eral observed features of LSS, in particular the 
distinctive 'voids' and 'filaments' seen in large 
galaxy surveys. It was also noted that since pri- 
mordial density perturbations can begin grow- 
ing earlier than in an purely baryonic universe, 



their initial amplitude must have been smaller, 
consistent with extant limits on the isotropy of 
the microwave background. Detailed studies |3jfl 
found however that galaxies form late through the 
breakup of the pancakes, at a redshift z <, 1, 
counter to observations of galaxies, in particu- 
lar quasars at z > 4. (Another way of say- 
ing this is that galaxies should have formed last 
in an HDM universe, whereas our Galaxy is in 
fact dynamically much older than the local group 
p8|].) There are other difficulties such as too large 
'peculiar' (non-Hubble) velocities excessive 
X-ray emission from baryons which accrete onto 
neutrino clusters Q , and too large voids Q (al- 
though detailed simulations |Q showed later that 
some of these problems had been exaggerated). 

Therefore cosmologists soon abandoned HDM 
and turned, with considerably more success, to 
cold dark matter (CDM) [Q, i.e. particles which 
were non-relativistic at the epoch of matter- 
domination. Detailed studies of CDM universes 
gave excellent agreement with observations of 
galaxy clustering [Q and even led to p rog ress 
in the understanding of galaxy formation |j0| , [35| . 
Thus a 'standard CDM model' for large-scale 
structure formation was established, viz. a crit- 
ical density CDM dominated universe with an 
initially scale-invariant spectrum of density per- 
turbations. Moreover particle physicists provided 
plausible candidate particles, notably the neu- 
tralino in supersymmetric models with conserved 
i?-parity which naturally has a relic abundance of 
order the critical density |45| . 

3. COBE AND THE ADVENT OF 
MIXED DARK MATTER 

Although the underlying physics is well known, 
cosmological structure formation is a complex 
subject and some implicit assumptions must nec- 
essarily be made in order to make progress. The 
key one concerns the nature of the primordial 
density perturbations. Cosmologists usually as- 
sume these to have a power spectrum of the scale- 
invariant 'Harrison-ZePdovich' form: 
P(k) = (|4| 2 ) = Ak n , with 7* = 1, (6) 

where 8k = J Sp ^ c~ lk x d 3 x is the Fourier 
transform of spatial fluctuations in the density 
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field (of wavelength A = 2%/k). Moreover the per- 
turbations are assumed to be gaussian (i.e. dif- 
ferent phases in the plane-wave expansion are un- 
corrected) and to be 'adiabatic' (i.e. matter and 
radiation fluctuate together). Concurrent with 
the above studies concerning the nature of the 
dark matter, powerful support for this conjecture 
came from the development of the 'inflationary 
universe' model 18 ifj. Here the perturbations 
arise from quantum fluctuations of a scalar field 
0, the vacuum energy of which drives a period 
of accelerated expansion in the early universe. 
The corresponding classical density perturbations 
have a spectrum determined by the 'inflaton' po- 
tential V(<p), with a power-law index p7[|: 



n(k) = 1 - 3M 2 



2M 2 



v 



(7) 



where M = (SttGn)" 1 / 2 ~ 2.4 x 10 18 GeV is the 
normalized Plank mass and * denotes that this 
is to be evaluated when a mode of wavenumber 
k crosses the 'Hubble radius' H . Thus we see 
that for a sufficiently 'flat potential' (as is nec- 
essary to achieve sufficient e-folds of inflation to 
solve the problems of the standard cosmology), 
the spectrum indeed has n ~ 1. 

As mentioned earlier, gravitational instability 
only sets in when the universe becomes matter- 
dominated and this modifies the spectrum on 
length scales smaller than the Hubble radius at 
this epoch, viz. for k > k~^ ~ 80/i~ 1 Mpc. 
Thus the characteristics of the dark matter can 
be encoded into a 'transfer function' T(k) which 
modulates the primordial spectrum; for HDM 
this is an exponentially dropping function while 
for CDM it is a more gradual power-law. Now 
the power spectrum inferred from observations 
may be compared with theoretical models but an- 
other problem arises concerning how we are to 
normalize the amplitude of the primordial den- 
sity perturbations,^ particularly since these are 
in the dark matter and may differ significantly 
(i.e. be 'biased') from the observable fluctu- 
ations in the density of visible galaxies. For- 
tunately, the primordial perturbations have an- 



other unique observational signature. As men- 
tioned earlier, they induce temperature fluctua- 
tions in the CMB through the 'Sachs- Wolfe ef- 
fect' (gravitational red/blue shifts) on large angu- 
lar scales ( <; 2°), corresponding to spatial scales 
larger than the Hubble radius on the last scatter- 
ing surface.^ It was the COBE detection [||| of 
such fluctuations in 1992 that began the modern 
era of cosmological structure formation studies. 
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Figure 2. The matter power spectrum as inferred 
from LSS and CMB data compared with theo- 
retical models p8fl . As seen top left, the excess 
small-scale power in the COBE-normalized stan- 
dard CDM model [n = l,fi N = 0.03, h=0.5) is 
reduced in the MDM model which has il„ = 0.3. 
This can also be achieved in a CDM model with a 
tilted spectrum (n — 0.9) and higher nucleon den- 
sity (S7 N = 0.1, h = 0.45) as shown top right. The 
other panels show the expectations in an open 
universe (middle) and in a flat universe with a 
cosmological constant (bottom). 



8 This is of course determined by the inflaton potential 
V(<f>) but we have as yet no definitive model of inflation. 



9 Such fluctuations cannot have a causal origin in the stan- 
dard cosmological evolution and imply that the mecha- 
nism which created them must have operated during a pe- 
riod of superluminal expansion in the past, viz. inflation! 
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The quadrupole anisotropy in the CMB mea- 
sured by COBE 1 33 1 allows a determination of 



the fluctuation amplitude at the scale, Hq ~ 
3000/i~ 1 Mpc, corresponding roughly to the 
present 'size' of the universe. With this normal- 
ization it became clear that a f2„ ~ 1 HDM uni- 
verse indeed had too little power on small-scales 
for adequate galaxy formation.^ However it also 
became apparent (see Figure 2) that the 'stan- 
dard CDM model' when normalized to COBE had 
too much power on small-scales! It was thus a log- 
ical step to invoke a suitable mixture of CDM and 
HDM to match the power spectrum to the data 
on galaxy clustering and motions fsjj. 
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Figure 3. The expected scale-dependence of 
mass fluctuations in supersymmetric inflationary 
MDM models compared with observations [f>4|. 



In fact the possibility that the dark matter may 
have both a hot and a cold component had been 



10 To save HDM would require new sources of small-scale 
fluctuations, e.g. relic topological defects Jji[ , or isocur- 
vature primordial perturbations fed]. 



discussed several years earlier, motivated by the- 
oretical considerations of SUSY GUTs, and the 
consequent advantages for large-scale structure 
noted |p2[ . In the post-COBE era, a number 
of detailed studies of mixed dark matter (MDM 
or CHDM) universes have been performed and a 
neutrino fraction of about 20% found to give the 
best match with observations [p3[ . In Figure 3 
we show a fit to observational data for a MDM 
model which also incorporates a (globally) super- 
symmetric mechanism for inflation [J54J. The im- 
plied neutrino mass is about 5 eV and the ex- 
pectation (in the 'see-saw' model for neutrino 
masses) is that this is the v T , Therefore CHO- 
RUS/NOMAD will provide a test of this possi- 
bility (assuming that the CKM mixing with the 
lighter neutrinos is of the same order as in the 
quark sector). More baroque schemes in which 
two neutrinos have comparable masses may be 
constructed (e.g. m Vtl « m Vr « 2.5 eV) if one 
wishes to reconcile the LSND report of neutrino 
oscillations with the indications of atmospheric 
neutrino oscillations |55| . In this case, both KAR- 
MEN and the forthcoming long-baseline experi- 
ments will provide crucial tests. 

However another way to reconcile a CDM uni- 
verse with the small-scale observations is to relax 
the underlying assumption that the primordial 
spectrum is strictly scale- invariant. As shown in 
Figure 2, a mildly 'tilted' spectrum with index 
n 0.9 also gives a good fit to the data At 
first sight this might strike one as simply intro- 
ducing an additional parameter (although this is 
arguably no worse than introducing an additional 
form of dark matter). However one should really 
ask why the spectrum should be assumed to be 
exactly scale-invariant in the first place! 

As we saw earlier, the spectral index is deter- 
mined by the slope and curvature of the scalar 
potential at the epoch when the fluctuation on 
a specified scale crosses the Hubble radius. The 
corresponding number of e-folds before the end of 
inflation is just 



N+ik) ~ 51 + In 



/ fc" 1 

I 3000ft- 1 Mpc 



(8) 



(for typical choices of the inflationary scale, re- 
heat temperature etc). We see that fluctuations 
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SUSY CDM, n = 0.88, £J N = 0.1, h = 0.5 
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Figure 4. Power spectrum of density perturba- 
tions in a supersymmetric inflationary CDM uni- 
verse compared with APM survey data |5g] . 



on the scales probed by LSS and CMB observa- 
tions (~ 1 — 3000 Mpc) are generated just 40 — 50 
e-folds before the end of inflation, ft would be 
not unnatural to expect the inflaton potential to 
begin curving significantly as the end of inflation 
is approached (e.g. in 'new inflation' models). 
There are certainly attractive models of inflation 
in which the spectrum is significantly tilted in 
this region J57| . In a successful inflationary model 
based on N = 1 supergravity |5j| , the spectral in- 
dex is simply given by n(k) ~ (iV* — 2)/(N it + 2) 
so is naturally « 0.9 at these scales. In Fig- 
ure 4 we compare the power spectrum for such 
a tilted spectrum in a CDM universe (TCDM) 
with data from the APM galaxy survey. It is 
seen that even the effects of non-linear evolution 
(which generate a 'shoulder' in the power spec- 
trum) at small scales can be successfully repro- 
duced. Indeed even MDM models |Q now allow 
for the possibility that the primordial spectrum 
may be tilted in order to achieve better fits to 
the data. Figure 5 indicates schematically how 
the HDM fraction required decreases as the tilt 
is increased |j59fl . There are certainly differences 
in detail between MDM and TCDM models and 
new observational constraints, e.g. the epoch of 
quasar formation or the abundance of primordial 



Lyman-a clouds, may serve to distinguish be- 
tween them P0[| , p| However a more powerful and 
unambiguous discriminator is provided by the an- 
gular power spectrum of CMB anisotropy. 
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Figure 5. Dependence of the HDM component re- 
quired for successful LSS formation on the spec- 
tral index of the primordial perturbations [f59| . 



In general a skymap of the CMB temperature 
can be decomposed into spherical harmonics 

oo I 

E < Y r{0A), (9) 

1=0 m=-l 

where the I th multipole corresponds to an an- 
gle « 200/0° and probes spatial scales around 
k^ 1 w 6000/i -1 / -1 Mpc. In inflationary theories, 
the fluctuations are gaussian so the co-efficients 
a™ are independent stochastic variables with zero 
mean and variance C; = (|a™| 2 ); each Ci has a 
X 2 distribution with (21 + 1) degrees of freedom 

11 Such studies have not however allowed for the possible 
scale-dependence of the tilt, as is crucial in this context. 
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pO|| . For an assumed set of cosmological param- 
eters (fl, Hq, f2 N ) and given the primordial den- 
sity perturbation spectrum, the C;'s can be de- 
termined by solution of the Einstein-Boltzmann 
equations which describe how the different com- 
ponents (photons, ions, electrons, dark matter 
particles . . . ) evolve [[HJ . Thus theoretical es- 
timates of the power (21 + 1)Ci/2tt at each multi- 
pole can be compared with observations. The low 
multipoles (large spatial scales) are sensitive to 
the primordial spectrum alonej^] but the COBE 
measurement (of the first ~20 multipoles) finds 
n = 1.2 ±0.3 |53| so cannot discriminate between 
a scale-invariant and a mildly tilted spectrum. 
However forthcoming measurements with angular 
resolution far superior to COBE's ~ 7° will mea- 
sure the power at higher multipoles. The domi- 
nant features in the power spectrum here are the 
'acoustic peaks', the most prominent at I k 200, 
arising from oscillations of the coupled plasma- 
photon fluids at last scattering |m| . 

As seen in Figure 6, the expectations for CMB 
anisotropy in a MDM universe do not differ sig- 
nificantly from a CDM universe having the same 
initial perturbation spectrum. However if the pri- 
mordial spectrum is tilted, there is a significant 
suppression of the acoustic peaks at high multi- 
poles (see Figure 7). Whereas present observa- 
tions of small- angle anisotropy have a large scat- 
ter fl64j , forthcoming measurements, in particu- 
lar by the MAP @ and PLANCK |§ satellite 
missions, will enable a definitive test. These ob- 
servations will also determine all the cosmological 
parameters (Q, Hq, f2 N ) to an accuracy of a few 
percent [ p7[ , opening up a new era in cosmology. 

4. UNSTABLE NEUTRINOS? 

The cosmological bound (|]) is respected by 
the electron neutrino for which the Particle Data 
Group Ijij now quotes m„ e < 15 eV. Kinematic 
bounds on the masses of the other neutrinos are 
much weaker (m„ < 170keV, m„ T < 24MeV) so 
in principle they may have masses in the cosmo- 
logically forbidden range. 

12 In principle, primordial gravitational waves can also 
make a contribution here but this is expected to be negli- 
gible in realistic inflationary models |62[. 
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Figure 6. Angular power spectrum of CMB 
anisotropy, assuming a scale-invariant spectrum, 
in CDM and MDM universes Q. 



There have been various suggestions (many mo- 
tivated by the now- withdrawn 17keV neutrino 
discovery) that neutrinos may have new inter- 
actions which enable them to decay or annihi- 
late sufficiently rapidly such that their relic abun- 
dance is reduced below the cosmological limit. In 
general this can be ruled out if the decays (or an- 
nihilations) create 'visible' Standard Model par- 
ticles, e.g. v 1 — * wy, v 1 — > v e e + e~ J68[ . These 
processes have not been seen in laboratory ex- 
periments ]69| (which probe short lifetimes), and 
would have affected cosmological observables such 
as light element abundances |7(J or the radiation 
backgrounds Jjl| (which are sensitive to long life- 
times). The only possibility is to have such decays 
(or annihilations) create hypothetical 'invisible' 
particles, e.g. Majorons (Goldstone bosons asso- 
ciated with lepton number violation) |7l]] . These 
are fertile grounds for speculation, as there are 
often no experimental constraints (by construc- 
tion!) on such hypotheses. 
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Figure 7. Angular power spectrum of CMB 
anisotropy for a scale-invariant and a tilted spec- 
trum Sj compared with observational data [f34| . 



Figure 8. Damping of the CMB anisotropy on 
small angular scales in an HDM universe reion- 
ized by radiative neutrino decays [fr9[ . 



Many such proposals which can be experimen- 
tally tested have already been falsified. For ex- 
ample, if tau neutrinos have a large magnetic mo- 
ment (~ 10 _6 /zb) their self-annihilations are suffi- 
ciently boosted through 7 exchange that v T 's with 
mass of O(MeV) may constitute the dark matter 
|72[ . However this was ruled out from the ab- 
sence of anomalous v T interactions in the BEBC 
beam dump experiment |73]]. Another sugges- 
tion was that flavour-changing neutral currents 
may allow the decay v' — > vvv to be sufficiently 
fast J74J. However the resultant breaking of the 
GIM mechanism implies that the branching frac- 
tion of v 1 — > ^7 is smaller only by a factor of 
0(a) and this is observationally ruled out J75[ . 
Majoron models for neutrino mass in which neu- 
trinos may annihilate sufficiently rapidly through 
Higgs exchange are ruled out by the LEP mea- 
surement of the 'invisible' width of the Z°; only 
rather contrived singlet-Majoron models survive 
and even these are severely constrained by the 
non-observation of spectral features due to Ma- 
joron emission in neutrinoless (3/3 decay JS8| . So 
although exotic decays of e.g. the v T into sin- 
glet Majorons, cannot be definitively excluded, it 
seems unlikely that it can thus evade the cosmo- 
logical bound and have a mass in the MeV range. 



For a neutrino mass subject to the cosmologi- 
cal bound (f|), limits on the UV radiation back- 
ground require the lifetime for v' — > to be far 
longer than the age of the universe. Apart from 
large-scale structure this is another cosmological 
context where there may be an observational sig- 
nal for hot dark matter. Sciama |7(| has argued 
that much of the ionized hydrogen in both our 
Galaxy and in the intergalactic medium cannot 
be accounted for in terms of conventional sources 
of UV photons (of energy > 13.6 eV), e.g. hot 
stars, supernovae or quasars. He proposes that 
all such observations may be consistently under- 
stood if the universe has fi^ ~ 1 in neutrinos 
of mass 27.4 ± 0.2 eV decaying radiatively with a 
lifetime of ~ 2 ± 1 x 10 23 sec. (Such a lifetime is 
smaller than expected in most extensions of the 
Standard Model |7^] but can arise in SUSY mod- 
els with broken i?-parity j77j.) Again a decisive 
test of this theory is provided by CMB observa- 
tions. Following (re)combination the universe will 
soon be reionized again due to the decaying neu- 
trinos, thus washing out the CMB anisotropy on 
small angular scales [jr8[ . As seen in Figure 8, the 
acoustic peaks in the power spectrum are thus 
severely damped j79| , a prediction that is already 
being tested by ongoing experiments. 
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5. THE BBN LIMIT ON N v 

Hoyle and Taylor §(J as well as Peebles f8lj] 
had emphasized many years ago that new types 
of neutrinos (beyond the v e and then known) 
would boost the relativistic energy density hence 
the expansion rate (^) during big bang nucleo- 
synthesis (BBN), thus increasing the yield of 4 He. 
Shvartsman [ p2| noted that new superweakly in- 
teracting particles would have a similar effect. 
Subsequently this argument was refined quantita- 
tively by Steigman, Schramm and collaborators 
p3| |. In the pre-LEP era when the laboratory 
bound on the number of neutrino species was not 
very restrictive H), the BBN constraint already 
indicated that at most one new family was al- 
lowed [B5|, albeit with rather uncertain system- 
atics ijsqT Although LEP now finds N v = 2.991 ± 
0.016 |64[| , the cosmological bound is still impor- 
tant since it is sensitive to any new light particle, 
not just SU (2) L doublet neutrinos, so is a particu- 
larly valuable probe of new physics. (The energy 
density of new light fermions i is equivalent to 
an effective number AN„ = J2i(9i/ 2 )( T i/ T v) 4 01 
additional doublet neutrinos, where Ti/T v follows 
from considerations of their (earlier) decoupling.) 

The primordial mass fraction Y P ( 4 He) increases 
as « 0.012A7V y but it also increases logarithmi- 
cally with the nucleon density (usually param- 
eterized as r\ = n N /n 7 = 2.728 x 10 _8 f2 N /i 2 ). 
Thus to obtain a bound on N v requires an upper 
limit on Y p and a lower limit on ij. The latter is 
poorly determined from direct observations of lu- 
minous matter so must be derived from the abun- 
dances of the other synthesized light elements, 
D, 3 He and 7 Li, which are power-law functions 
of rj. The complication is that these abundances 
are substantially altered in a non-trivial manner 
during the chemical evolution of the galaxy, un- 
like Yp( 4 He) which just increases by a few percent 
due to stellar production. (This can be tagged via 
the correlated abundance of oxygen and nitrogen 
which arc made only in stars.) 

Even so, some cosmologists have used chemi- 
cal evolution arguments to limit the primordial 
abundances of D and 3 He and thus derived in- 
creasingly severe bounds on N v [ |S7| , culminating 
in a recent one below 3 IpSl! However a more 




887 ± 2 s N„ 

BCG 




Figure 9. Predicted light element abundances 
for the Standard Model versus the nucleon-to- 
photon ratio |^9| . The 95% c.l. limits determined 
by Monte Carlo reflect the uncertainties in input 
nuclear cross-sections and the neutron lifetime. 
Rectangles indicate observational determinations 
and associated '95% c.l.' bounds. 



conservative view |8{| is that there is no crisis 
with BBN if we recognize that such arguments 
are rather dubious and consider only direct mea- 
surements [Q of light element abundances, as 
shown in Figure 9. The 4 He mass fraction is ob- 
tained from observations of metal-poor blue com- 
pact galaxies by linear extrapolation to zero ni- 
trogen/oxygen abundance the upper limit is 
reliable, the lower one less so. At present there 
are two conflicting measurements of the D abun- 
dance in quasar absorption systems |^,^|; the 
higher value p2| is interpreted as an upper limit. 
Also shown is the abundance in the interstellar 
medium |)4| which provides a reliable lower limit. 
The 7 Li abundance as measured in the hottest, 



most metal-poor halo stars 95 as well as in disk 
stars pq] is shown and interpreted as providing, 
respectively, reliable lower and upper limits on 
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its primordial value. Given these uncertainties, 
standard BBN is consistent with observations for 
i] w 2 — 9 x 10~ 10 . Adopting the reliable lim- 
its, Yp( 4 He) < 0.25, D/H > 1.1 X 1CT 5 and 
7 Li/ H < 1.5 x 1CP 9 , and taking into account un- 
certainties in nuclear cross-sections and the neu- 
tron lifetime by Monte Carlo, we obtain p9] 
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